Postnatal neurogenesis in the kitten retina was studied using 3H-thymidine radioautography. Kittens were injected with 3H-thymidine at 1 day, 10 days, 3 weeks or 4 weeks after birth and allowed to survive until 14 weeks of age. Labeled neuronal nuclei were not found in the ganglion cell layer in any of the retinas, but they were seen in the other nuclear layers of the same retinas. In retinas from kittens injected a t one day after birth, the peripheral 80% of the length of the retina (in sections cut parallel to the dorsoventral meridian) contained labeled nuclei; the central 20%, around the optic disc, contained no labeled nuclei. Near the ora serrata most nuclei in both inner and outer nuclear layers were labeled. Away from the ora serrata the proportion of labeled to unlabeled nuclei gradually decreased. Labeled nuclei extended farther centrally in the inner than the outer nuclear layer. The same pattern of labeling was repeated in retinas from kittens injected at ten days after birth, but fewer nuclei were labeled, and the central, unlabeled region around the optic disc was longer-55% of the length of the retina. Only a few nuclei near the ora serrata were labeled in retinas from kittens injected at three weeks after birth, and no labeled neurons were found in kittens injected at four weeks.
The pattern and temporal sequence of retinal development is remarkably similar in all vertebrates (Ramon y Cajal, '60) . During the early stages, germinal cells proliferate throughout the presumptive retinal epithelium, and mitotic figures are seen all along the ventricular surface (Fujita, '62) . Neuronal differentiation starts in the central region of the retina when the first ganglion cells withdraw from the mitotic cycle (Hinds and Hinds, '74) . While the central retina is maturing, mitotic activity continues in peripheral regions, and a central-to-peripheral gradient of maturation exists for the remainder of the developmental period (Sidman, '60) . In some mammals, such as mice and rats, the later stages of retinal neurogenesis occur in the first weeks after birth (Sidman, '60; Denham, '67) .
Retinal neurogenesis has not been .thoroughly studied in the cat, although it is known that at birth, the kitten's retina is not fully differentiated. Mitotic figures are present (Donovan, '66) , implying that the retina does not have its full complement of cells at birth. However, quantitative studies of the number and kinds of retinal cells produced postnatally have not been done.
To define the pattern and time course of postnatal neurogenesis we have used 3H-thymidine radioautography. This study shows that retinal neurogenesis continues up to three weeks after birth in the kitten and that the neurons produced postnatally are in the inner and outer nuclear layers. All of the retinal ganglion cells are formed earlier, before postnatal day 1.
Reprint request8 should be made to Mark Wm. Dubin.
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METHODS
Kittens, 1 day, 10 days, 3 weeks or 4 weeks old, were given a single intraocular injection of either 50 or 100 pCi of 3H-thymidine (New England Nuclear, specific activity 40-60 Ci/ mmole) in 50 pl. The animals were anesthetized with fluothane (Halothane), and the isotope was injected with a needle inserted into the vitreous humor through a hole in the dorsal-temporal region of the pars plana. All animals survived to 14 weeks of age. The eyes were fixed in Bouin's solution, embedded in paraffin or carbowax, sectioned meridionally (transversely) a t 10 pm, parallel to the dorsoventral plane, and processed for radioautography (Kopriwa and Leblond, '62) . Slides were dipped in NTB-2 emulsion (Eastman-Kodak, Rochester, New York), diluted 1: 1 with water; after an exposure time of two to four weeks, t h e radioautographs were developed and stained through the emulsion with hematoxylin and eosin.
Cells with labeled nuclei were recognized by the presence of silver grains in the overlying emulsion. The linear extent of retinal regions containing labeled nuclei was measured in five sections each from eyes injected a t 1 day, 10 days or 3 weeks after birth. Separate measurements were made of labeled regions in the inner and outer nuclear layers on both the dorsal and the ventral sides of the disc. To ensure that comparable areas were selected from each retina, all measured sections passed through the optic disc; the area centralis was not included in these sections.
The large number of labeled nuclei in retinas from animals injected a t 1 or 10 days of age made the labeled regions easy to see at low power with a stereomicroscope fitted with a darkfield base (Wild). The boundaries between labeled and unlabeled regions of both inner and outer nuclear layers were marked in ink on the coverslip. The radioautographs from the eyes of kittens injected at three or four weeks of age had many fewer labeled nuclei, so the labeled regions were not as easily seen; the boundaries were marked after inspection with a compound microscope. The radioautographs were then traced using a camera lucida at a total magnification of 45 x , and the positions of the ink marks and the optic disc were noted. The length of the retina, defined as the linear distance from one retinal margin ( o m serrata) to the other, was determined by laying a non-elastic string along the retinal tracings and then measuring the length of string with a ruler. The data presented are measurements from one eye a t each age; radioautographs from additional eyes showed similar results.
Sections from the eye of a newborn kitten, prepared for another light microscopic study (M. A. Ransford and M. W. Dubin, in preparation), were used to determine the position of mitotic figures in the retina a t birth. Five sections, cut parallel to the dorsoventral plane in the same manner as the radioautographs, were selected; again all of the sections contained the optic disc. The segments containing mitotic figures, both dorsal and ventral to the optic disc, were marked in ink on the coverslip. The sections were traced and lengths measured, as described above for the radioautographs.
RESULTS
The retina of a newborn kitten is not fully differentiated. Although the ganglion cell and inner plexiform layers can be recognized across the entire extent of the retina, the more scleral layers -the inner nuclear layer, the outer plexiform layer and the outer nuclear layer-are well-differentiated only in central regions. In the peripheral retina, the outer plexiform layer is barely discernible as a thin zone, free of nuclei. Cells on the vitreal side of the outer plexiform layer, in the presumptive inner nuclear layer, appear undifferentiated, with elongated nuclei containing pale, homogenous chromatin. On the scleral side of the outer plexiform layer, in the presumptive outer nuclear layer, the nuclei appear more differentiated, with the dark, clumped chromatin characteristic of photoreceptors in the mature retina ( fig. 1 ). These observations agree in general with those of Donovan ('661, Cragg ('751, Morrison ('771, Tucker ('781, and Vogel ('78) .
The total retinal length in the newborn eye we examined was 19.1 mm. Mitotic figures, seen a t the retina-pigmented epithelium boundary ( fig. 11 , were found in the dorsal retina near the ora serrata and up to 9.8 mm centrally (range of measurements on 5 sections: 8.7-10.4 mm). On the ventral side, mitotic figures were found up to 5.9 mm (range: 5.0-6.8 mm) away from the ora serrata. The zone of mitotic activity thus encompassed the peripheral 80% of the length of the retina, in the dorsoventral plane represented in these sections.
Labeled nuclei were seen in radioautographs of retinas from animals injected one day to three weeks after birth and allowed to survive until 14 weeks of age. The presence of silver grains (label) over a nucleus indicates that the cell incorporated 3H-thymidine and ceased dividing shortly thereafter; when it differentiated, its nucleus retained the label. These labeled nuclei were distributed unequally among the retinal layers. Particularly striking was the absence of labeled ganglion cell nuclei in all of the radioautographs ( fig.  2 ). This means that the ganglion cells complete their terminal mitotic division before the kitten is 24 hours old. (Injections of thymidine were not attempted during the first postnatal day because of the precarious physiological state of newborn kittens.) Following injection at one day after birth and survival to 14 weeks of age, labeled nuclei were found in the layers scleral to the ganglion cell layer along much of the length of the retina ( fig. 3) . The distribution of labeled nu- clei varied both along and across retinal laminae ( fig. 3) . The lengths of the retinal segments, on the dorsal and ventral sides of the optic disc, which contained labeled nuclei are given in table 1.
In the inner nuclear layer, labeled nuclei were found up to 10-11 mm away from the ora serrata (table 1) . Since the entire length of this retina was 25.9 mm (table l), the fraction of inner nuclear layer with labeled nuclei was about 80%. Within this region not every nucleus was labeled, and the proportion of labeled to unlabeled nuclei (labeling index) varied with retinal position: most nuclei near the ora serrata were labeled (figs. 4A,B), but fewer were labeled more centrally ( fig. 3: arrow 2). Close to the central boundary of the labeled segment only scattered labeled nuclei were seen ( fig. 3: arrow 3) . Since the retinas were embedded in wax and thick (10 pm) sections were used for the radioautographs, the various cell types in the inner nuclear layer could not be distinguished. Thus, we do not know what kinds of cells were labeled in this layer.
In the outer nuclear layer of the same retinas (injected 1 day after birth), the labeled region was shorter, extending only about 8 mm centrally from the ora serrata, or 65% of the total length of the retina. As in the inner nuclear layer, the labeling index decreased from the ora serrata toward the center of the retina. At each point along the retina the labeling index for the outer nuclear layer appeared less than that for the adjacent region of the inner nuclear layer. For example, in figure 2 approximately one half of the nuclei in the inner nuclear layer are labeled compared with only about one fourth of those in the outer nuclear layer. (These proportions were obtained by counting nuclei on a camera lucida drawing made with a 50 x oil immersion objective; a nucleus was considered labeled if overlain by five or more silver grains.) Fig. 3 Dark-field mosaic of a radioautograph from a 14-week-old kitten, injected with "-thymidine on the first day after birth. Only dorsal retina is shown. The layers containing labeled nuclei can be identified in the inset (at a higher magnification). The silver grains appear as bright dots; the pigmented layers (PL) scleral to the retina a180 shine brightly, but they are not labeled. Other abbreviations in the inset are the same as in figure 2. Arrow 1 points to the ora serrata; central to arrow 1, many nuclei are labeled, especially in the inner nuclear layer (INL). Arrow 2 points to the boundary between regions containing high and low proportions of labeled nuclei. Arrow 3 points to the most central labeled nucleus in the INL. Arrow 4 points to the optic disc. T h e asterisk indicates a distortion in the outer nuclear layer (see text).
The scale equals 1 mm. This comparison must be made with caution, however. These sections were thicker than the average diameter of the retinal cell nuclei, so some nuclei were completely contained within the section. Only those nuclei near the top of the section were close enough to the emulsion to expose it, since the effective path length of P-particles emitted by tritium is only about 1 pm (Rogers, '73). All nuclei deeper than a few micrometers in the section were seen as unlabeled, even those which contained tritium (3H). The observed labeling indices are, there- fore, underestimates. The magnitude of this clear layer. The lower labeling index observed error due to "hidden" labeled nuclei is larger in the outer compared with the inner nuclear for the outer nuclear layer, since the nuclei layer is thus at least in part due to this disthere are smaller than those in the inner nu-crepancy. To correct the labeling indices A, B Radioautographs from the retina of a kitten injected one day after birth. Many labeled nuclei are seen in C, D Radioautographs from the retina of a kitten injected ten days after birth. Labeled nuclei are seen in the E, F Radioautographs from the retina of a kitten injected three weeks after birth. The arrow points to the only the inner and outer nuclear layers but none in the ganglion cell layer.
inner nuclear layer and a few in the outer nuclear layer. two labeled nuclei seen in this section. The scale equals 100 micrometers. 
No labeled cells identified as neurons
Measurements were made on one retina a t each age, which was sectioned in the dorsoventral plane through the optic disc. In the column labeled dorsal are the lengths of retina in millimeters. from the doreal ora serrata toward the optic disc, i n which labeled nuclei were found in the inner (INL) and outer (ONL) nuclear layers. In the column labeled ventral are the analogous meaawes from the ventral side of the same sections. Each number is the mean of measurements on five sections. Parentheses enclose t h e range of measurements.
?The length of the retina in hillimeters from the dorsal ora serrata through the optic disc to the ventral om serrata, measured a t t h e level of the INL. Since all kittens surived to 14 weeks of age, this length should be the same for all eyes; differences are accounted for by differential shrinkage during the histology. The first two eyes were embedded in carbowax and the thlrd (3 weeks old a t injection) was embedded in paraffin, in which tissue shrinkage was greater.
would require that we estimate the values of several critical parameters more accurately than we can.
When thymidine was injected into the eye at ten days after birth and the kitten allowed to survive to the same age as before (14 weeks), many fewer labeled nuclei were seen (figs. 4C,D), and they were confined to a shorter segment of the retina, again extending centrally from the ora serrutu. The most central 55% of the length of the retina contained no labeled nuclei, indicating that all of the neurons in this region complete their terminal division by ten days after birth. In the inner nuclear layer, only 5-7 mm of retina adjacent to the ora serrata (45% of the total length of 26.8 mm) contained labeled nuclei (table 1) . There were many labeled nuclei in the inner nuclear layer near the peripheral margin of the retina, but more centrally only a few labeled nuclei were found, scattered among unlabeled cells. As in the animals injected at one day, labeled nuclei in the outer nuclear layer were confined t o a shorter segment of the retina: only about 2 mm of the outer nuclear layer adjacent to the ora serrutu, or 15% of its total length, contained labeled nuclei (table 1). Within the labeled region of the outer nuclear layer fewer nuclei were seen more centrally, and the proportion of labeled nuclei in this layer appeared smaller than that in the inner nuclear layer, although the cautions described above also apply here.
Radioautographs from retinas injected a t three weeks after birth showed only a few labeled nuclei very near the ora serrata (figs.
4E,F; table 1).
Most of these nuclei were in the inner nuclear layer, although a few labeled nuclei were also observed in the outer nuclear layer. Retinas from kittens injected at four weeks after birth had no labeled neuronal nuclei. Thus, the last retinal neurons are formed a t the peripheral margin a t about three weeks after birth in the kitten.
Two comments relate to potential artifacts seen in the radioautographs. Both of the eyes injected at one day after birth showed some evidence of trauma or mechanical damage. In several places the outer nuclear layer was thrown into folds and swirls; an example is seen in figure 3 . These distortions might have affected our measurements of the length of labeled retina, although the boundary between labeled and unlabeled regions in the sections measured never fell on or near a fold, and the inner nuclear layer appeared normal everywhere. Even if the values for length of labeled retina given in table 1, particularly those for the outer nuclear layer, are not exact, we are confident that the pattern of labeling observed was real; in the animals injected a t ten days, whose retinas showed no signs of damage, the same pattern of labeling was seen.
A second problem also relates to the mechanics of the injection. In some eyes the length of labeled retina was longer on the dorsal than on the ventral side (table 11, but the reverse was not seen.4 This suggests that post-' The only apparent exceptlon 1s the length of laheled outer nuclear layer in the animal injected one day after birth: 8.3 mm (dorsal) and 8.4 mm (ventral). These values are equivalent w t h i n our e rperimental accuracy.
natal cell proliferation may be more extensive in the dorsal than in the ventral retina. This suggestion is further supported by a similar inequality in the extent of retina containing mitotic figures in the newborn kitten retina: the dorsal segment with mitotic figures was 9.8 mm long whereas the ventral segment was only 5.9 mm long. But because the length of retina containing mitotic figures was measured in only one animal, and because the needle was placed in the dorsal-temporal quadrant of the eye for each injection, we cannot a t present discount the possibility that the observed asymmetry in labeling was due to unequal distribution of the 3H-thymidine precursor.
DISCUSSION
Production of neurons in the newborn kitten retina has been implied by previous reports of mitotic figures a t the retina-pigmented epithelium boundary (Donovan, '66; Morrison, '77; Vogel, '78) . However, neither the location of the mitotic cells along the centralto-peripheral dimension nor the fate of the dividing cells was determined in these studies. In our sections of newborn kitten retina, cut parallel to the dorsoventral plane and passing through the optic disc, mitotic figures were seen across most of the extent of the retina, being absent only in the central 20% around the disc. Recognizing that the presence and number of mitotic figures is an unreliable gauge of the level of proliferative activity of a cell population (since the mitotic phase is only a small fraction of the total cell cycle [Fujita, '6211, we used 3H-thymidine radioautography to describe the pattern of cell proliferation more accurately. The advantages of this technique are that dividing cells can be identified at any stage of the cell cycle, not just during mitosis, and that they are tagged with a more or less permanent label. With radioautography we have shown that postnatal neurogenesis in the kitten retina is much more extensive than previously thought: 80% of the linear extent of the retina along the dorsoventral meridian is actively producing cells one day after birth. We have traced the progeny of the proliferating cells in the radioautographs and shown that they are destined for the outer and inner nuclear layers where they differentiate into photoreceptors and other neurons (and perhaps also Muller cells), respectively. None of the new cells produced one day after birth or later become ganglion cells. Vogel ("78) thought that the dividing cells in the newborn kitten retina contributed only to the outer nuclear layer since mitotic figures were found only in that layer. But the restriction of mitotic figures to the retina-pigmented epithelium boundary is expected. Mitosis of neuroepithelial germinal cells always occurs a t the ventricular surface (Fujita, '621 , and, in the eye, the junction between retina and pigmented epithelium is the former optic ventricle (Mann, '69). After dividing, the nuclei move away from the ventricular surface; those produced postnatally in the kitten retina go to either the outer or the inner nuclear layer.
A comparison of the distribution of mitotic figures in the newborn kitten retina with the radioautographic measurements on the animals injected at one day of age is informative: both mitotic figures and labeled nuclei were restricted to the peripheral 80% of the retinal length. Thus the fraction of retina containing mitotically active cells a t birth and that containing their labeled progeny at 14 weeks is equal in both position and length. This implies that the cells produced postnatally do not migrate laterally along the retinal layers, but rather differentiate in situ. Since the ganglion cell layer is complete from disc to ora serrata at one day after birth, postnatal retinal neurogenesis serves only to "fill in" cells in the more scleral layers. Incremental addition of rings of totally new retinal tissue such as occurs in growing, postembryonic fish and amphibian retinas (Straznicky and Gaze, '71; Johns, '771, does not, therefore, happen in the kitten. Nevertheless, the kitten retina does grow postnatally: in one newborn animal the length of the retina was 19.1 mm, but in the 14-week-old animaI injected one day after birth, the retinal length was 25.9 mm-a linear increase of 26%. We suggest that this growth is due to stretching5 of existing retinal tissue. Consistent with this idea of retinal stretching, Tucker ("78) has shown that the distance between optic disc and area centralis increases with the age of the kitten. From her figure 4 we calculate that between one week and four months of age the distance from disc to area centralis increases by 20%. Further quantitative studies are needed t o define the exact geometry of the retinal expansion. For example, does the retina stretch symmetrically throughout its length and in
The word "stretching" is not meant to imply a mechanism of retinal growth, but simply an end result; the retina grows larger as does a balloon when filled with air.
all meridians? Studies designed to answer these and related questions are in progress (for further discussion see Rusoff, '79) .
The following general conclusions can be made about the postnatal development of the kitten retina. By one day after birth, and perhaps much sooner, the ganglion cells have ceased dividing and begun differentiating across the entire extent of the retina. Many of the photoreceptor nuclei in the outer nuclear layer are also formed before birth and so are not labeled when jH-thymidine is injected postnatally. The latter conclusion is supported by the relatively differentiated appearance of these nuclei across much of the outer nuclear layer at birth. The inner nuclear layer is the least mature at birth. Only in the central region of the retina do these cells have differentiated nuclei; elsewhere their nuclei remain immature or neuroblastic. In peripheral retina, many of the cells of the inner nuclear layer are born postnatally. (The order of birth of the various cells in the inner nuclear layer was not determined here, since the different types could not be distinguished in our material.) Thus, neurogenesis in the kitten retina follows the general pattern described for the rat (Denham, '671 , the mouse (Sidman, '60 ) and the rabbit (McArdle et al., '77) : (1) maturation proceeds from center to periphery, (2) ganglion cells are formed prenatally, and (3) the final stages of neurogenesis in peripheral regions of the inner and outer nuclear layers occur after birth.
The early, most active period of postnatal neurogenesis occurs while the kitten's eyes are closed, from birth until seven to ten days later. From ten days to three weeks after birth, neurons continue t o be produced but only in the most peripheral regions. During this time behavioral evidence of visual function begins t o appear: orienting behavior at 15 days and placing responses at 21 days (Norton, '74) . The last retinal neurons are produced at about three weeks. Physiological maturation of the retina continues beyond this point, as the retinal ganglion cells gradually develop their mature response properties (Hamasaki and Flynn, '77; Rusoff and Dubin, '77) . Other visual centers are also maturing at this late stage. In addition, numerous experiments have demonstrated the existence of a "critical period," during which time the visual stimulation the animal receives has a powerful influence on the continued development andlor maintenance of visual function (Hubel and Wiesel, '70 ; for a review of the literature see Blakemore, '74; Barlow, '75; Daniels and Pettigrew, '76) . It is interesting to note that the "critical period" does not begin until about four weeks after birth, just a t the time when retinal neurogenesis has ceased.
